In the spectrum of an emission-line region ejected from the massive star Eta Carinae, called the strontium filament (SrF), forbidden lines from many elements, in particular [Sr II] and [Ti II], are observed. These lines are strong in this specific region and valuable for plasma diagnostics. Forbidden lines are not easily produced in laboratory light sources and the atomic parameters for these lines can thus not be measured in a straightforward way.
I N T RO D U C T I O N
The FERRUM project is an international collaboration aiming at producing reliable oscillator strengths for singly ionized iron group elements of astrophysical interest (Johansson et al. 2002) . A new and very specific branch within the project is to measure lifetimes of metastable states and to determine absolute transition probabilities for parity-forbidden lines, i.e. transitions between levels of the same parity. These cannot, by definition, occur by electric dipole radiation (E1), but rather via magnetic dipole (M1) or electric quadrupole (E2) radiation. For the lowest excited levels in complex spectra there are in general no E1 decay channels; only M1 or E2 radiative transitions might be possible. These transitions have transition probabilities of the order of A ∼ 1 s −1 and are thus several orders of magnitude weaker than E1 transitions, which usually have transition rates of A ∼ 10 8 s −1 . As a consequence, the upper levels of forbidden lines, E-mail: Henrik.Hartman@astro.lu.se †Present affiliation: Atom Optics, University of Tübingen, Germany.
called metastable levels, have lifetimes of the order of seconds, compared to nanoseconds for most excited states. The long lifetime makes the population of the upper level sensitive to collisions, and forbidden lines are thus good candidates for density diagnostics in plasmas. Forbidden lines are predominantly observed in spectra of dilute astrophysical plasmas and very rarely of laboratory light sources. Nevertheless, to use forbidden lines for diagnostics, the values of the transition probabilities need to be known and for most transitions these rely on theoretical calculations. One possibility to get experimental data is to use the astrophysical object itself as a remote laboratory to measure the relative line strengths. In a previous paper we successfully derived experimental transition probabilities for [Fe II] lines from spectra of the Weigelt blobs, gas condensations close to the massive star Eta Carinae. Another region of specific interest in the Eta Carinae object, called the strontium filament (SrF), shows strong emission lines not observed elsewhere in the nebula. Most spectacular is the detection of forbidden transitions of [Sr II], which has not been observed before in any astrophysical object (Zethson et al. 2001 ). The spectrum also shows many and strong [Ti II] lines, which can be used for plasma C 2005 RAS diagnostics of this region (Hartman et al. 2004) . Thus, the A-values for the [Ti II] lines are necessary components. A frequently used method to determine transition probabilities for E1 transitions is to combine the short lifetime for the upper level with branching fractions (BF), i.e. relative strengths for all decay channels. The lifetime can be measured using a laser-induced fluorescence (LIF) technique and the BF are determined from, e.g. Fourier transform spectroscopy (FTS) of a laboratory light source. We have adopted the same approach to derive absolute transitions probabilities for forbidden transitions. Since the forbidden lines and lifetimes of metastable states are on a totally different time-scale compared to the E1 transitions, different techniques must be used. In the present work the branching fractions are derived from astrophysical spectra and the lifetimes are measured using laser probing of a stored ion beam.
In Section 2 we discuss the lifetime measurements and in Section 3 we describe the derivation of branching fractions from astrophysical spectra. The results, experimental lifetimes and final transition probabilities are presented in Section 4 along with estimates of the uncertainties.
L I F E T I M E M E A S U R E M E N T S
We have previously reported measurements of the long lifetime (28 s) of the 3d 2 ( 3 P)4s b 4 P 5/2 level in Ti II . In the present paper, four additional experimental lifetimes in Ti II are measured using the laser probing technique (LPT). Titanium is located at the beginning of the iron group of the periodic table. Ti II has three valence electrons which form the configuration complex (3d+4s) 3 , with a total of 33 metastable levels of even parity below the first odd parity level. An energy level diagram showing the lowest even levels is given in Fig. 1 . This LPT is developed at the CRYRING facility (Abrahamsson et al. 1993; Lidberg et al. 1999 ). We will here describe the measurement of metastable Ti II levels. The technique and the different corrections and normalizations applied are described in more detail in previous publications (see, e.g. Rostohar et al. 2001; Mannervik 2002; Ellmann 2003; Mannervik et al. 2005) .
The Ti + ions are produced from TiCl 4 in an ion source, extracted and accelerated to an energy of 40 keV before being injected into the storage ring. A bending magnet after the ion source selects the desired isotope, 48 amu. Once stored in the ring, the ions are probed with a cw tunable laser where the wavelength is selected to match a strong transition from the metastable level to a higher level of opposite parity (see Fig. 2 ). The subsequent decay is fast and this fluorescence signal is proportional to the number of ions in the metastable state probed. By applying the laser pulse at different delays after injection into the storage ring, the time dependence of the population in the metastable state is studied, and the lifetime curve is built up. Each injection and probing then corresponds to one point on the lifetime curve. The additional delay time between subsequent injections and the total number of points in the curve have to be chosen for each level to monitor the radiative decay in the most efficient way. Typical lifetime curves for two levels with different lifetimes are shown in Fig. 3 . Since the metastable state is emptied upon measurement, a new set of ions needs to be injected for each point on the lifetime curve. It is thus clear that if the curve is to reflect the lifetime of the measured level, each injection must have the same number of ions and also the same fraction of the ions must be in the metastable state. These properties are monitored during the measurements. For the present measurements the conditions were essentially stable and the fluorescence normalization curves were usually constant. Only in a few cases were minor corrections necessary. Although the storage ring is evacuated to ultrahigh vacuum (about 10 ptorr), the ions are affected by collisions with the residual gas. This is more pronounced for the longer lifetimes, e.g. the b 2 P 1/2 level has a measured lifetime of about 17 s. Both exciting and deexciting effects from collisions with the residual gas are observed. The excitation is observed as an effect where the fluorescence signal approaches a constant level, which is significantly higher than the background. The collisional deexcitation, quenching, is observed as a pressure dependence of the measured lifetime. When the average pressure in the storage ring is raised, the number of collisions between the stored ions and the residual gas increases. The slope of the decay changes and the measured lifetime is shorter. By measuring lifetime curves at different pressures, the true radiative lifetime can be obtained by extrapolating the so-called SternVollmer plot to zero pressure. Such a plot is shown for b 2 P 1/2 in Fig. 4 . Since the quenching acts as an additional decay, the effect is larger for the longer lifetimes, where the radiative decay is weaker. The corrections for these effects are not equally important for all levels.
M L=
The repopulation can be determined by a selective measurement. This can be done by quenching the initial metastable population by a laser pulse applied at the beginning of the ring cycle. The repopulation process can then be probed sequentially, as for lifetime measurements, and a repopulation curve is obtained. Recently we have also developed a new method where the repopulation is measured simultaneously with the lifetime measurement (Ellmann 2003; Mannervik et al. 2005) . This is done by applying a laser pulse at the end of the cycle to probe the repopulation and using the lifetime probe pulse to quench the metastable level population. The simultaneous repopulation is more suited for shorter lifetimes and were in the present experiment used for the 3d4s 2 c 2 D 3/2,5/2 levels, while repopulation of the longer 3d 2 ( 3 P)4s b 2 P 1/2 and 3d 2 ( 3 P)4s b 4 P 3/2 levels where measured separately. The repopulation curve is subtracted from the decay curve to correct for the repopulation effect.
For all measurements we found the collisional quenching rate to be in the range 0.04-0.1 s −1 at a typical base pressure of about 10 ptorr. For very long-lived levels, such as 3d 2 ( 3 P)4s b 2 P 1/2 and 3d 2 ( 3 P)4s b 4 P 3/2 , the collisional quenching rate is equal to or larger than the radiative decay rate, while for the shorter-lived 3d4s 2 c 2 D 3/2,5/2 levels the collisional quenching correction was only a few per cent. The magnitude of the correction is reflected in the uncertainty of the lifetime determination (Table 1) .
A S T RO P H Y S I C A L B R A N C H I N G F R AC T I O N S
The branching fractions for forbidden lines cannot easily be measured from ordinary laboratory light sources, simply because the lines are very rarely produced in them. The metastable levels are collisionally deexcited on a time-scale much shorter than the radiative decay. Thus, if the forbidden lines are to be observed the density must be very low. But, to get a strong emission the number of ions in the specific state must be large, and together with a low density, a large column density is needed. Although additional problems are introduced compared to laboratory measurements, good light sources for forbidden lines are astrophysical plasmas. They can provide a low-density plasma and a large volume, and produce strong forbidden lines. In the present work, Hubble Space telescope (HST)/STIS spectra of an emission-line region close to the star Eta Carinae, the strontium filament (SrF), is used to get the relative line ratios. The rich emission-line spectrum includes many strong forbidden lines, which are spatially well-defined. A sample spectrum is given in lifetime of the upper metastable level (described above in Section 2) put the relative line strengths on an absolute scale according to
where
and
The subscripts u and l represent the upper and lower level, respectively. Using astrophysical spectra to obtain line ratios has some additional problems compared to laboratory measurements. The lower resolution and different spatial regions along the line of sight can give problem with line blending. However, in a previous paper (Hartman et al. 2004 ) the spectral region 2000-10 000 Å of the SrF, which is the spatial region also used in this work, is analysed in detail. Blended lines can then confidently be avoided or corrected. The forbidden lines are optically thin, which makes the problem with self-absorption negligible. But, the light is affected by extinction in the interstellar medium (ISM) and by the circumstellar material, and this has to be corrected for. The wavelength dependence of the extinction is observed to be a slowly varying function, and showing a similar shape for all directions. The amount of extinction, on the other hand, varies and depends on what stellar object is observed. The lines in the present study span over 4900-6300 Å, in a region where the extinction curve is nearly linear. The Carina nebula and different parts of the Eta Carinae object, e.g. the Weigelt blobs and the Little Homunculus, are found to have values of E(B − V ) = 0.5. (see, e.g. Davidson et al. 1995; Davidson & Humphreys 1997; Bautista et al. 2002; Ishibashi et al. 2003) . The observed line ratios were in the present study corrected for reddening using a value of C = 1.6 for an average reddening curve (Osterbrock 1989 ), corresponding to a value of E(B − V ) = 0.5. It should be noted that for the branching fractions we are only interested in the relative line intensities, which means that only the relative extinction, the reddening, and not the absolute extinction is important. The uncertainty of the reddening contributes to the total uncertainty, but although we allow for large variations it is not the major source, see Section 4.
In practice, not all lines from an upper level can be measured. The lines can either (i) be too weak to be observed, (ii) be blended with another line or (iii) have a wavelength outside the observed wavelength region.
All these situations occur for the lines measured in the present work. Theoretical predictions from the Cowan code calculations (Cowan 1981) are used to estimate the contribution from missing lines, the residual. For lines from group (i) and (ii) at least an upper limit of the intensity can be estimated from the spectrum, and an upper limit of the missing BF determined. But, if a large fraction of the intensity falls outside the observed wavelength range the residual is more uncertain and no reliable BF for the observed lines can be determined. This is the case for the levels b 4 P 3/2 , b 4 P 5/2 and b 2 P 1/2 . The b 4 P levels have excitation energies of about 10 000 cm −1 (1.2 eV), which makes the emission fall longward of 1 µm. Only a few transitions are observed and, in addition, these lines are blended with each other. The b 2 P 1/2 level has higher excitation energy, but the strong decay channels appear above 1 µm. The c 2 D levels, on the 
R E S U LT S A N D U N C E RTA I N T I E S
In the present investigation we have measured lifetimes of four metastable Ti II levels, as presented in Table 1 . The previously reported lifetime of b 4 P 5/2 is also included. Estimated effects from repopulation, quenching and normalizations, discussed in Section 2, are included together with statistical uncertainties in the uncertainty of the lifetime.
In Table 2 experimental A-values for eight lines from the levels c 2 D 3/2 and c 2 D 5/2 are reported along with estimated uncertainties. For the BF, uncertainty sources such as instrument calibration, intensity measurements, blending lines, calculated residual and reddening effects have been considered. The total uncertainty of the A-values given in Table 2 include the uncertainties from lifetime and BF.
The total uncertainties were derived by assuming that the individual uncertainties are mutually independent. The approach follows a previously used method for determination of A-values from lifetimes and BF for E1 transitions (Sikström et al. 2002) . However, it has been modified to suit the measurements of forbidden lines, including, e.g. extra terms for the reddening correction. The small span in wavelength, 4900-6200 Å, for the different lines from the same upper level makes the uncertainty from the reddening correction rather small, from a few per cent up to 10 per cent, although we allow for large variations in the reddening (C = 1.6 ± 0.5 or E(B − V ) = 0.5 ± 0.15). The largest uncertainty contribution is from the intensity measurements of the lines since many of them are weak and might have blends. The total uncertainties in the transition probabilities are 10-45 per cent, and are largest for the weak lines. To the best of our knowledge there are no calculations of metastable lifetimes or forbidden lines of [Ti II] yet available.
C O N C L U S I O N
We have measured lifetimes for four metastable levels in Ti II. They are in the range 0.29-18 s with relative uncertainties of 4 -24 per cent (see Table 1 ), where the longer lifetimes have the largest uncertainty due to the larger corrections for collisional effects. The lifetimes for two of the levels are combined with branching fractions measured in the spectrum of the Sr-filament close to the massive star Eta Carinae and we derive absolute transition probabilities, A-values, for eight lines with rates 0.05-2.2 s −1 . We have also estimated the uncertainty for these values to be in the range 10-45 per cent, given in Table 2 .
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